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CONTROLLED RADICAL
POLYMERIZATION OF METH)ACRYLATEL
MONOMERS

BACKGROUND

1. Field

The present invention relates to controlled radical poly-
merization processes, reaction products of such processes,
and compositions containing such reaction products. More
particularly, the invention relates to a process of controlled
radical polymerization of acrylic and/or methacrylic acid
monomers employing a defined order of introduction of the
reactants, and/or a specific set of reaction conditions.

2. Briet Description of Related Technology

Demand for increasingly efficient ways to produce poly-
mers continues. Controlled radical polymenzation (“CRP”),
including single-electron transfer living radical polymeriza-
tion (“SET-LRP”’) and atom transier living polymerization
(“ATRP”), 1s aprocess which produces various polymer prod-
ucts, 1n high yield, with functional, non-terminated ends, with
high molecular weights, and with a low polydispersity index.
Thus, CRP has been employed to design a variety of polymer
products. However, these CRP processes typically require the
use of solvents that are toxic and/or are difficult to remove
from the final products. This creates concerns about the safety
and purity of the polymers.

Previous CRP polymers have shear modulus values which
are less than desirable for many applications. Moreover, CRP
polymers can be difficult to modify for use 1n applications
requiring flexibility, thermal resistance, fluid resistance and
other desirable physical and chemical properties. In particu-
lar, previous CRP polymers often have a broad molecular
weilght distribution indicating that the polymer produced 1s
not actually a single polymer, but instead 1s a blend of numer-
ous polymers. The physical properties of broadly distributed
polymer blends are different from those of narrow distribu-
tions. The production of a blend of polymers can lead to
inhomogeneity i polymer structures and difficulty 1n pro-
cessing. For example, small amounts of high MW polymer
chains disproportionally atfect the viscosity and can be diffi-
cult to process.

Thus, there exists a need for a CRP polymer process that
allows (a) better control of polymerization exotherm; (b)
reduced viscosity of polymerization solutions; and (c) better
yields of recycled solvents, increases the uniformity in struc-
ture and properties of the polymers produced, and does not
employ toxic solvents that are difficult to remove from the
final polymer product.

ATRP provides a method to build polymers. Typically,
ATRP can be performed on a narrow range of monomers with
a narrow range of initiators. Also, ATRP 1s typically catalyzed
with a metal in the +1 (or M*"), or other lower oxidation state,
such as a Cu(I) salt catalyst. As the polymerization process 1s
slow, high concentrations of the catalyst are needed to drive
the reaction as are high temperatures which must be main-
tained for a prolonged period of time. Though functional ends
are desirable for the final product polymer, an ATRP catalyst
can be unstable and promote termination concomitant with
formation of non-functionalized end groups.

Thus, ATRP generally gives material containing some non-
functionalized polymer with unreactive end groups. As a
result, a typical polymer produced by ATRP may contain in
the region of 10-15% of the chain ends terminate to provide
material with less desirable mechanical and material proper-
ties and characteristics. Both the molecular weight and the
polydispersity index of the product diverge from theory by the
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2

premature termination of the polymer ends, which often
results 1n poor rheological control and impracticability in
various applications and uses. Thus, the lack of control of the
ATRP process results 1n polymer products with structural
defects, less desirable features, and less predictable charac-
teristics. In addition, Cu(l) salts are unstable 1n air and require

care in handling.

There exists a need for a method of controlled radical
polymerization that allows for better control of the structure,
composition, and properties of the polymer to be produced.

SUMMARY

A controlled radical polymerization process 1s provided,
having the steps of: (1) providing a mixture containing: (a) one
or more (meth)acrylate monomers; and (b) at least one amine
ligand; (1) feeding the mixture portion-wise at a defined
flow-rate 1into a reaction vessel containing: a solvent; at least
one halogenated initiator; and a metal catalyst, (111) continu-
ing to feed the mixture portion-wise 1nto the vessel a poly-
merization of the monomer occurs, and (1v) permitting the
reaction to proceed under conditions suitable to conduct con-
trolled radical polymerization.

A polymer reaction product made from that process 1s also
provided, where the polymer reaction product has a polydis-
persity of about 1.0 to about 1.8 The polymer reaction product
1s formed by a process having the steps of: (1) forming a
premixture of one or more (meth)acrylate monomers and at
least one tertiary amine ligand; (1) combinming the premixture
with a solvent, at least one halogenated initiator, and a metal
catalyst; and (111) reacting the combination of step 11) under
conditions suitable to conduct living radical polymerization.

An adhesive, sealant, or coating composition containing
the polymer reaction product having a polydispersity of about
1.0 to about 1.8 and a free radical polymerization initiator 1s
also provided. The polymer reaction product 1s formed by a
process having the steps of: (1) forming a premixture of one or
more acrylate monomers and at least one tertiary amine
ligand; (1) combining the premixture with a solvent, at least
one halogenated initiator, and a metal catalyst; and (111) react-
ing the combination of step 11) under conditions suitable to
conduct living radical polymerization.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s GPC trace for a polymer produced by the inven-
tive portion-wise addition method compared to a comparative
polymer produced by a standard SET-LRP/ATRP one-pot
Process.

FIG. 2 1s a GPC trace showing the molecular weights of an
initial methacrylate block and a final diblock copolymer after
growth of the second mixed butyl and methacrylates block
onto the initial poly(methacrylate) segment produced by the
inventive method.

FIG. 3 shows Mn versus conversion in a controlled radical
polymerization.

DETAILED DESCRIPTION

The processes produce polymers that exhibit improved
properties use 1n pressure sensitive adhesives, hot-melt adhe-
stves, structural adhesives and sealants, surface coatings, and
toughening agents for thermosetting compounds. Moreover,
the process of the present invention allows for improved
production of block copolymers for controlled morphology.

In the processes of the present invention, ATPR or SE'T-
LRP methods may be employed. However, the inventive pro-
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cesses mclude a precise order of addition of the reactants
and/or a particular set of reaction conditions to yield poly-
mers with improved uniformity of structure and properties.
The methods of the present invention allow for greater control
over the final polymer products such that the desired chain
length, polydispersity, molecular weight, and functionality
are easily controlled 1n the final product. Thus, the present
invention extends additional control over molecular weight
distribution, functionality, polymer rheology, and polydisper-
s1ty.

Also, because this process 1s well controlled, it can be
implemented on a large scale with a high predictability and/or
used to tailor the properties of the final polymer products to
new degrees, and products can be designed based on their
properties. Further, because there 1s less termination, the
structure and composition of the polymer are more precise
and the end product has more desirable properties and char-
acteristics to promote a better product. Further, as very low
levels of catalyst are needed to drive the reaction and lower
temperatures are used (allowing the use of less toxic and/or
more volatile solvents) the purification of the final product 1s
simplified, and at times, becomes unnecessary.

To achieve the desired result, in the process of the mven-
tion, a particular order for the mixture and order of combina-
tion are used. In the process of the present invention, the
monomer and amine ligand are mixed. In a reaction vessel,
the solvent, halogenated initiator, and metal catalyst are
mixed. The monomer/amine ligand mixture 1s then added
portion-wise at a defined flow-rate to the reaction vessel. The
addition of the monomer/amine ligand mixture 1s continued
into the reaction vessel under controlled radical polymeriza-
tion reaction conditions. The portion-wise addition may be
continuous (e.g., drop-wise) or itermittent (e.g., a portion
added every 10 minutes) over a predetermined time. The
polymer may then be i1solated at the end of the addition or
polymerization may be allowed to continue for an additional
time.

Typically, the addition of the monomer/amine ligand 1s
carried out over a period of about 0.5 to about 2.0 hours. In
certain embodiments, the addition occurs over a period of
about 30 minutes, about 35 minutes, about 40 minutes, about
50 minutes, about 60 minutes, about 85 minutes, or about 90
minutes.

Typically, the addition of the monomer/amine ligand 1s
carried out at a flow-rate of about 0.2 to about 2.0 grams of
amine ligand/minute. In certain embodiments, the addition
occurs at a flow-rate of about 0.4 to about 1.5 grains of amine
ligand/minute, about 0.6 to about 1.0 grams of amine ligand/
minute, about 0.7 grains of amine ligand/minute, about 0.8
grams ol amine ligand/minute, or about 0.9 grams of amine
ligand/minute.

The reaction can then be continued over an additional
period of up to about 72 hours. In certain embodiments, the
reaction 1s continued for about 2.5 hours, about 3 hours, about
3.5 hours, about 4 hours, about S hours, about 6 hours, about
20 hours, about 22 hours, about 24 hours, about 48 hours, or
about 68 hours.

In the processes of the present invention, the temperature at
which polymerization 1s carried out 1s well controlled and
typically lower than other methods of polymerization. Pret-
crably, the temperature of polymerization 1s between about 0°
C. and 80° C. For example, between about 23° C., 1.¢., about
room temperature and 70° C. or between about 40° C. and 60°
C. In addition, in embodiments of the invention, the tempera-
ture during addition may differ from the temperature during,
continued polymerization, and the temperature may be
changed during these periods.
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The process of the present invention typically results in the
conversion of a majority of the monomer(s) into polymer. In
certain embodiments, at least 60%, at least 70%, at least 80%,
at least 90%, at least 95%, or at least 98% of the monomer 1s
converted 1nto polymer.

The processes of the present invention may be used to
produce block copolymers or other copolymers (e.g., terpoly-
mers). Examples of such copolymers are described in the
Examples. In making these copolymers, two or more acrylate
monomers are used. Fach acrylate monomer may be added
sequentially to the reaction vessel as part of its own monomer/
amine ligand mixture or may be added together as part of a
mixture of the two or more monomers and the amine ligand.

As used herein, the term “portion-wise”” means that a reac-
tant or mixture of reactants 1s added to a reaction mixture over
a period of time. This in contrast to adding all of the reactant
or mixture of reactants to a reaction mixture all at once.
Portion-wise can be a continuous addition over the time
period, such as addition drop-wise or 1n a continuous stream,
or 1t can be intermittent, such as the addition of an aliquot
periodically over the time period.

As used herein, the terms “halo” and “halogen” are
intended to be synonymous, and both are intended to include
clements commonly classified as “halogens™, such as chlo-
rine, fluorine, bromine, and 10dine.

Desirable polymers from the inventive process have certain
properties and characteristics. For example, the final polymer
product should have a high thermal resistance for 1ts use in
various applications and fields of technology. Desirably, the
final polymer product may be predictably produced to have
high functionality on the ends of the polymer, a low polydis-
persity, and a molecular weight close to the theoretical
molecular weight. While values and measurements of these
teatures are provided in the Examples section herein, a brief
discussion of each of the properties follows.

The degree of polymerization 1s the number average
molecular weight divided by the weighted average molecular
weilght of all monomers 1n the feed, which, 1 a controlled
polymerization, 1s a linear function of monomer conversion.
CRP requires the following two conditions: the initiation
should be sufficiently fast so that nearly all chains start to
grow simultaneously; and little or no chain transfer occurs to
increase the total number of chains. It 1s well known to those
skilled 1n the art of polymers that when the polydispersity
index of a polymer 1s broad, the polymer contains polymeric
segments with substantial smaller and larger molecular
welght segments than the number average molecular weight
of the polymer. On the one hand, low molecular weight seg-
ments may have an adverse effect on physical properties of
the polymer such as tensile strength, elongation and flexural
modulus; while on the other hand, very large molecular
welght segments may result in high melt viscosity of the
polymer which may produce limitations in the processability
of the polymer. Thus, there are distinct advantages when the
final polymer has a well defined and narrow polydispersity
index. This permits a more predictable polymer product from
a property perspective and minimizes the aforementioned
disadvantages.

The present mvention provides for more predictable end
group functionality, 1.¢. higher efficiency of the desired func-
tionalized end groups may be achieved, with substantially
less premature termination reactions which would otherwise
result in undesired truncation of the polymer chain, lack of
functional end groups and an unpredictable molecular weight
of the final product. Reactive halo-functional end groups may
undergo reimtiation and further polymerization to produce
block copolymers, or may be further functionalized through
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nucleophilic substitution, elimination or end capping reac-
tions. The present invention permits efficient and predictable
end group functionality in the final polymer product.

It 1s desirable to have a narrow molecular weight distribu-
tion 1.e. polydispersity index 1n the final polymer product. A
narrow molecular weight distribution may be achieved from
the controlled polymerization 1n accordance with the present
invention, as the chain length, end group functionality, and
consistency of the polymer 1s substantially constant. In
achieving a narrow molecular weight distribution, several
factors may be promoted. Some factors which contribute to a
narrow molecular weight distribution include: (1) a rate of
initiation, which 1s competitive with the rate of propagation
(allowing the simultaneous growth of all the polymer chains);
(2) the exchange between species ol different reactivities
being faster than propagation (ensuring that all the active
chain termini are equally susceptible to reaction with mono-
mer for a uniform growth); (3) low to no chain transfer or
termination; (4) the rate of activation versus deactivation; and
(5) a homogenous system where mixing 1s sufficiently fast
(all active centers are mtroduced at the onset of the polymer-
ization). A polymerization which meets these factors may
have a polydispersity close to the theoretical value of the
Poisson distribution 1+1/DP. For example, the polydispersity
of the polymer products of the present methods 1s generally
about 1.5 or less.

Another characteristic of the final product 1s long-lived
polymer chains. This refers to all chains retaining their active
centers after full consumption of the monomer. Thus, propa-
gation resumes upon the itroduction of an additional mono-
mer. This factor enables the preparation of block copolymers
by sequential monomer addition.

Some embodiments of the present mvention provide a
polymerization process for the control of the microstructure
of polymers and copolymers. Some embodiments of the
present mvention relate to living radical polymerization of
halogen-containing and acrylic monomers utilizing organo-
halide mitiators and to the formation of polymers therefrom.
The processes ol the various embodiments provide final poly-
mer products which have narrow molecular weight distribu-
tions, which are obtained by high and efficient conversion and
rapid or ultrafast polymerization reactions. Thus, the final
polymer products obtained through the present methods have
predictable molecular weights, a low polydispersity index,
and high functionalities.

The process of the present invention employs one or more
acrylate monomers. As used herein, the term “acrylate mono-
mer” includes both acrylates and methacrylate monomers.
The acrylate monomer may be any desired acrylate monomer
including, without limitation, such monomers as (meth)
acrylic acid monomers such as (meth)acrylic acid, methyl
(meth)acrylate, ethyl(meth)acrylate, n-propyl(meth)acrylate,
isopropyl(meth)acrylate, n-butyl(meth)acrylate, 1sobutyl
(meth)acrylate, tert-butyl(meth)acrylate, n-pentyl(meth)
acrylate, n-hexyl(meth)acrylate, cyclohexyl(meth)acrylate,
n-heptyl(meth)acrylate, n-octyl(meth)acrylate, 2-ethylhexyl
(meth)acrylate, nonyl(meth)acrylate, decyl(meth)acrylate,
dodecyl(meth)acrylate, phenyl(meth)acrylate, toluoyl(meth)
acrylate, benzyl(meth)acrylate, 2-methoxyethyl(meth)acry-
late, 3-methoxybutyl(meth)acrylate, 2-hydroxyethyl(meth)
acrylate, 2-hydroxypropyl(meth)acrylate, stearyl(meth)
acrylate,  glycidyl(meth)acrylate,  2-aminoethyl(meth)
acrylate, -(methacryloyloxypropyl)trimethoxysilane, (imeth)
acrylic acid-ethylene oxide adducts, trifluoromethylmethyl
(meth)acrylate, 2-trifluoromethylethyl(meth)acrylate,
2-pertluoroethylethyl(meth)acrylate, 2-pertluoroethyl-2-
pertluorobutylethyl(meth)acrylate, 2-pertfluoroethyl(meth)
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acrylate, pertfluoromethyl(meth)acrylate, diperfluoromethyl-
methyl(meth)acrylate, 2-perfluoromethyl-2-
pertluoroethylethyl(meth)acrylate,  2-perfluorohexylethyl
(meth)acrylate, 2-pertluorodecylethyl(meth)acrylate and
2-pertluorohexadecylethyl(meth)acrylate. Particularly desir-
able 1s n-butyl acrylate, methyl methacrylate, 2-ethylhexyl
acrylate, methyl acrylate, tert-butyl acrylate, 2-hydroxyethyl
acrylate, glycidyl methacrylate or a combination thereof.
However, any (meth)acrylate or (imeth)acrylates may be used
in the present mvention.

The process of the present invention employs one or more
metal catalyst. As used herein the term “metal catalyst”
means a metal-contaiming compound or complex that contrib-
utes to determining the position of the atom transier equilib-
rium and dynamics of exchange between dormant and active
species. Thus, the metal catalyst employed should preferably
be a good electron donor. Suitable metal catalysts include, for
example, Cu(0), Cu,S, Cu,Te, Cu,Se, Mn, Ni, Pt, Fe, R, V,
and combinations thereof. Similarly, other suitable metal
catalysts, including, for example, Au, Ag, Hg, Rh, Co, Ir, Os,
Re, Mn, Cr, Mo, W, Nb, Ta, Zn, and compounds including one
or more ol the foregoing. Preferable, the metal catalyst 1s
Cu(0), Cu,S, Cu,Te, Cu,Se, or a combination thereof.

The metal catalyst may be in one or more physical forms.
For example, the metal catalyst may be a wire, mesh, screen,
shavings, powder, tubing, pellet, crystals, or other solid form.
The metal catalyst may be a copper wire, a copper mesh, a
copper screen, a copper shaving, a copper powder, a copper
gauze, a copper sinter, a copper filter, a copper sliver, a copper
tubing, copper crystals, copper pellets, a coating of elemental
copper on non-reactive materials, and combinations thereof.
Preferably, the metal catalyst 1s a copper mesh treated with a
hydrochloric acid aqueous solution.

The process of the present invention employs one or more
amine ligand. As used herein, the term “amine ligand” means
a nitrogen-containing ligand. Such amine ligands are thought
to solubilize the metal catalyst so 1t 1s available 1n 1ts higher
oxidation state. Thus, the ligand may drive the polymeriza-
tion reaction by promoting the mixing of the various compo-
nents of the reaction mixture on a molecular level. The amine
ligands may be any amine ligand, including without limita-
tion, primary, secondary, and tertiary alkyl or aromatic
amines, as well as polyamines which may be linear, branched,
or dendritic polyamines and polyamides. Suitable amine
ligands include, for example, may include tris(2-dimethy-
laminoethyl)amine (Me6-TREN), N,N,N,N,N-pentameth-
yldiethylenetriamine (PMDETA), tris(2-aminoethyl)amine
(T'REN), or a combination thereof.

The process of the present invention employs one or more
halogenated initiator. As used herein, the term “halogenated
initiator” includes halogen-containing compounds that 1ni-
tiate the free radical reaction and contribute to the number of
growing polymer chains in the reaction vessel. For example,
the mitiator may include: diethyl meso-2,5-dibromoadipate;
dimethyl 2,6-dibromoheptanedioate, ethylene glycol bis(2-
bromopropionate); ethylene glycol mono-2-bromopropi-
onate; trimethylolpropane tris(2-bromopropionate); pen-
taerythritol tetrakis (2-bromopropionate); 2,2-
dichloacetophenone; methyl 2-bromopropionate; methyl
2-chloropropionate; N-chloro-2-pyrrolidinone; N-bromo-
succinimide; polyethylene glycol bis(2-bromopropionate);
polyethylene glycol mono(2-bromopropionate); 2-bro-
mopropionitrile; dibromochloromethane; 2,2-dibromo-2-cy-
anoacetamide; a,a'-dibromo-ortho-xylene; o,a'-dibromo-
meta-xylene; a,a'-dibromo-para-xylene; o,a'-dichloro-
para-xylene; 2-bromopropionic acid; methyl
trichloroacetate; para-toluenesulionyl chloride; biphenyl-4,
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4'-disulionyl chloride; diphenylether-4,4'-disulfonylchlo-
ride; bromoform: 1odoform carbon tetrachloride; and combi-

nations thereof. In some embodiments, the initiator may be an
alkyl, sulfonyl, or nitrogen halide. The nitrogen halide can be
also halogenated nylon, peptide, or protein. Alternatively, a
polymer containing active halide groups, for example, poly
(vinyl)chloride), the chloromethyl group or polychrolometh-
ylsytrene) of the polymers and copolymers can also be used as
initiators. Preferably, the halogenated initiator 1s dimethyl
2,6-dibromoheptanedioate, diethyl meso-2,5-dibromoadi-
pate, ethylene glycol bis(2-bromopropionate); 2,2-dichloac-
ctophenone, trimethylolpropane tris(2-bromopropionate);
methyl 2-bromopropionate, or a combination thereof.

The process of the present invention employs one or more
solvent. As used herein, the term ‘““solvent” means a com-
pound to reduce viscosity of the reaction mixture, increase
conversion of the ligand, and/or promote fast disproportion-
ation of the catalyst 1n order to facilitate ultrafast polymer-
1zation. Further, the solvent 1s intended to be non-reactive in
order to prevent chain transfer, side reactions, or poisoning of
the catalyst. Desirable solvents of the present methods
include, protic, or dipolar aprotic solvents. Some desired
solvents include acetonitrile, water, alcohol, ordipolar aprotic
solvents, ethylene carbonate, propylene carbonate, 10nic lig-
uids, or a mixture thereof. For example, such solvents may
include: ethylene glycol, diethylene glycol, triethylene gly-
col, 2-(2-ethoxyethoxy)ethanol, tetracthylene glycol, glycer-
ine, hydroxyethyl(meth)acrylate (“HEMA”), phenols, dim-
cthylsulfoxide (*DMSO”), dimethylioramide (“DME”),
dimethylacetamide (“DMAC”), N-methyl-2-pyrrolidone
(“NMP”), 1onic liquids, ethylene carbonate, and propylene
carbonate. Suitable alcohols include methanol, ethanol, pro-
panol, 1sopropanol, butanol, and tert butanol. Desirably, the
solvent or solvent blend chosen does not cause precipitation
of the polymer product during the reaction. Desirably, the
solvent 1s acetonitrile, dimethylformate, ethylene carbonate,
methanol, ethanol, propylene carbonate, water, dimethylior-
mamide, propionitrile, ethylene glycol, an 1onic liquid, or a
combination thereof.

The products of the mventive process may be used to
provide curable resin compositions usetul as adhesives, seal-
ants, or coatings. The polymers of the methods also exhibit
good o1l resistance, heat resistance, adhesiveness and flex-
ibility. Further, the products encompassed by the methods of
the present mnvention can be widely used as pressure sensitive
adhesive formulations, hot-melt adhesives, structural adhe-
stves, sealants, and coatings and the like.

The processes of the present invention may employ and the
compositions of the present invention may include additional
components to provide one or more desired characteristics to
the products of the processes or to the compositions. Suitable
additional components include, for example, monomers (in
addition to the acrylate monomers described above), poly-
mers, plasticizers, thickening agents, rheology agents, color-
ing agents, pigments, fillers, additional imitiators (other than
those described above), and combinations thereof.

EXAMPLES

Comparative Example

One Pot Synthesis of Poly Methyl Acrylate with
Dimethyl 2,6-Dibromoheptanedioate/Cu(0)/Pentam-
cthyldiethylenetriamine 1n Acetonitrile

34 g of Acteonitrile, 0.670 g of dimethyl 2,6-dibromohep-
tanedioate, 0.0697 g of pentamethyldiethylenetriamine (PM-
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DETA), and 31.82 g of methyl acrylate were added to a
250-mulliliter four-neck round-bottom flask with a mechani-
cal stirrer, 2 condensers, and a rubber septum. The mixture
was stirred and cooled to -78° C., and 53 g of copper mesh
treated with 0.1 N hydrochloric acid was added to the mixture
with continued stirring. The flask was then degassed using 6
freeze-pump-thaw cycles under a nitrogen environment. The
reaction mixture was then warmed to 25° C., the polymeriza-
tion reaction was continued for 4 hours, and stopped with the
introduction of air.

A sample of the product was dissolved 1n deuterated chlo-
roform (CDCl;), and the conversion was measured by
"H-NMR spectroscopy. The conversion of methyl acrylate
was 72% at 4 hours. A sample was dissolved 1n toluene and
washed with sodium chloride aqueous solution three times.
The sample 1n the toluene layer was dissolved in THF for
GPC analysis. The number average molecular weight M, by
GCP with PMMA standards was 15,508. The molecular
weight distribution M, /M was very broad with a bimodal
distribution.

Inventive Example 1

Synthesis of Poly Methyl Acrylate with Dimethyl
2,6-Dibromoheptanedioate/Cu(0)/Pentamethyldieth-

ylenetriamine in Acetonitrile

Using the method of the mvention, 32 g of acetonitrile,
0.0.62 g of dimethyl 2,6-dibromoheptanedioate, and 0.53 g of
copper mesh treated with 0.1 N hydrochloric acid were added
to a 250-milliliter four-neck round-bottom flask with a

mechanical stirrer, 2 condensers, and a rubber septum. 0.17 g
PMDETA and 32.42 g of methyl acrylate were added to a 50
milliliter Schlenk tube. Both mixtures were degassed by 6
freeze-pump-thaw cycles under a nitrogen environment. The
methyl acrylate/PMDETA mixture was added drop-wise to
the flask at 30° C. via a cannula under nitrogen over the course
01 30 minutes. The polymerization reaction was continued for
4 hours and stopped with the introduction of air.

Samples were taken at different 1ntervals throughout the
polymerization reaction. The samples were dissolved in
CDCl,, and the conversion was measured by "H-NMR spec-
troscopy. The conversion of methyl acrylate was 94% at 4
hours. A sample was dissolved 1n toluene and washed with
sodium chloride aqueous solution three times. The sample 1n
the toluene layer was dissolved in THF for GPC analysis. The
number average molecular M, by GPC with PMMA stan-
dards was 14,410. The molecular weight distribution M /M
was 1.24. X-ray fluorescence (XRF) analyses of the sample
revealed Br content per polymer chain was 6,624 parts per
million.

In FIG. 1, the GPC trace for inventive polymer produced by
the portion-wise addition method 1s compared to a compara-
tive polymer standard produced by a conventional SET-LRP/
ATRP one-pot process. The inventive polymer has a mono
modal distribution that 1s close to the theoretical Mn value of
12,000 as determined by ratio of initial monomer/initiator and
conversion (about 13.5 minutes; Mn about 14,000). In con-
trast, the comparative polymer has a bimodal distribution

with a substantial high molecular weight fraction [(a) about
12.2 minutes; Mn about 347,000] 1n addition to the expected
controlled polymer [(b) about 15.5 minutes; Mn about
14,000]. This high molecular weight fraction adversely
alfects the properties of the comparative material as discussed
above.




US 9,006,362 B2

9

Inventive Example 2

Synthesis of Poly Methyl Acrylate with Dimethyl
2,6-Dibromoheptanedioate/Cu(0)/Pentamethyldieth-
ylenetriamine in Acetonitrile

H H
/

Br n C=—C

Br

10

Cu (0)PMDETA

+ H C—OCH;

// CH;CN, 40 C.

OCH; O
MA

H;CO O 0O
DMDBHD

A

Br

H H

| |
(‘3 CHz—&(‘?—CHZMCH2
C

C COOCH;
0% ocH. 07 ocH, O

Using the method of the invention, 33 g of acetonitrile,
0.3547 g of dimethyl 2,6-dibromoheptanedioate, and 0.31 g
of copper mesh treated with 0.1 N hydrochloric acid were
added to a 250-milliliter four-neck round-bottom tlask with a
mechanical stirrer, 2 condensers, and arubber septum. 0.0486
g PMDETA and 31.87 g of methyl acrylate were added to a 50
milliliter Schlenk tube. Both mixtures were degassed by 6
freeze-pump-thaw cycles under a nitrogen environment. The
methyl acrylate/PMDETA mixture was added drop-wise to
the flask at 40° C. via a cannula under nitrogen over the course
of 50 minutes. The polymerization reaction was continued for
5 hours and stopped with the introduction of arr.

Samples were taken at different intervals throughout the
polymerization reaction. The samples were dissolved in
CDC],, and the conversion was measured by '"H-NMR spec-
troscopy. The conversion of methyl acrylate was 74% at 3
hours. A sample was dissolved 1n toluene and washed with
sodium chloride aqueous solution three times. The sample 1n
the toluene layer was dissolved in THF for GPC analysis. The
number average molecular M by GPC with PMMA stan-
dards was 23,835. The molecular weight distribution M_ /M,
was 1.24. X-ray fluorescence (XRF) analyses of the sample
revealed Br content per polymer chain was 6,624 parts per
million.

Inventive Example

Synthesis of Poly Methyl Acrylate with 2,2-Dichlo-
rophenone/Cu(0)/Pentamethyldiethylenetriamine 1n
Dimethyl Sulfoxide

O
(‘l Cl ; 5
Cu (0YPMDETA
\ \CHH N . u (0) -
‘ | DMSO
= Cl H COOCH;
DCAP MA
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(‘) Cl H H H

<_/> - ‘

~CH,—C3—CH,—C—Cl
H

>
07 o

\

|
H,C c‘:
C

4’/’\0

TN

>
07 o

\

PMA

Using the method of the invention, 45.8 g of dimethyl
sulfoxide (DMSO), 0.330 g of 2,2-dichloroacetophenone
(DCAP), and 1.30 g of copper mesh treated with 0.1 N hydro-
chloric acid were added to a 250-milliliter four-neck round-
bottom flask with a mechanical stirrer, 2 condensers, and a
rubber septum. 0.1450 g PMDETA and 34.92 g of methyl
acrylate were added to a 50 milliliter Schlenk tube. Both
mixtures were degassed by 6 freeze-pump-thaw cycles under
a nitrogen environment. The methyl acrylate/PMDETA mix-
ture was added drop-wise to the flask at 30° C. via a cannula
under nitrogen over the course of 50 minutes. The polymer-
1zation reaction was continued for 4 hours and stopped with
the introduction of air.

Samples were taken at different intervals throughout the
polymerization reaction. The samples were dissolved in
CDCl,, and the conversion was measured by "H-NMR spec-
troscopy. The conversion of methyl acrylate was 88% at 4
hours. A sample was dissolved 1n toluene and washed with
sodium chloride aqueous solution three times. The sample 1n
the toluene layer was dissolved 1n THF for GPC analysis. The
number average molecular M, by GPC with PMMA stan-
dards was 11,997. The molecular weight distribution M /M
was 1.28.

Inventive Example 4

Synthesis of Poly Methyl Acrylate with PhCHBr,/Cu
(0)/Pentamethyldiethylenetriamine in Acetonitrile

Br H H
| \C C/ Cu(0) PMDETA
— + p—
C\ 5 / \ CH;CN
BI' H C E— OCH3
/
O

PhCE

%1‘2
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-continued
Br H H
(‘?H—&CH2 (‘H—gz c‘: B
—C — C—Tiy
oY
NP 0% NocCH; 0% ocCH;

Using the method of the mnvention, 34.05 g of acetonitrile,
0.530 g of a,a-dibromotoluene, and 1.03 g of copper mesh
treated with 0.1 N hydrochloric acid were added to a 250-
milliliter four-neck round-bottom flask with a mechanical
stirrer, 2 condensers, and a rubber septum. 0.0798 g
PMDETA and 31.41 g of methyl acrylate were added to a 50
milliliter Schlenk tube. Both mixtures were degassed by 6
freeze-pump-thaw cycles under a nitrogen environment. The
methyl acrylate/PMDETA mixture was added drop-wise to
the flask at 45° C. via a cannula under nitrogen over the course
o1 30 minutes. The polymerization reaction was continued for
4 hours and stopped with the introduction of arr.

Samples were taken at different intervals throughout the
polymerization reaction. The samples were dissolved in
CDCl,, and the conversion was measured by 'H-NMR spec-
troscopy. The conversion of methyl acrylate was 79% at 4
hours. A sample was dissolved 1n toluene and washed with
sodium chloride aqueous solution three times. The sample 1n
the toluene layer was dissolved in THF for GPC analysis. The
number average molecular M by GPC with PMMA stan-
dards was 15,459. The molecular weight distribution M /M
was 1.10.

Inventive Example 3

Synthesis of Poly 2-Ethylhexyl Acrylate with
PhCHBr,/Cu(0)/Pentamethyldiethylenetriamine in
Acetonitrile

PhCE

%1‘2
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-continued
H H
/
C=C
/ \ Cu(0) PMDETA
H C—O -
Vi CI;CN
O
2-EHA
Br H H
| | o
CH—eCHz—(‘HH—c —(‘3—Br
C
0% o

C
(iiiﬁ::?éz ,f#ﬂhkwég

Using the method of the invention, 37.60 g of acetonitrile,
1.2491 g of a,a-dibromotoluene, and 0.56 g of copper mesh
treated with 0.1 N hydrochloric acid were added to a 250-
mualliliter four-neck round-bottom flask with a mechanical
stirrer, 2 condensers, and a rubber septum. 0.0770 g
PMDETA and 37.60 g of 2-ethylhexyl acrylate were added to
a 50 milliliter Schlenk tube. Both mixtures were degassed by
6 freeze-pump-thaw cycles under a nitrogen environment.
The 2-ethylhexyl acrylate/PMDETA mixture was added
drop-wise to the flask at 45° C. via a cannula under nitrogen
over the course of 60 minutes. The polymerization reaction

was continued for 3.5 hours and stopped with the introduction
of air.

Samples were taken at different intervals throughout the
polymerization reaction. The samples were dissolved in
CDCl,, and the conversion was measured by "H-NMR spec-
troscopy. The conversion of 2-ethylhexyl acrylate was 54% at
4 hours. A sample was dissolved in toluene and washed with
sodium chloride aqueous solution three times. The sample 1n
the toluene layer was dissolved in THF for GPC analysis. The
number average molecular M, by GPC with PMMA stan-
dards was 6,226. The molecular weight distribution M /M
was 1.27.
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Inventive Example 6
Synthesis of Terpolymer of 2-Ethylhexyl Acrylate,
Methyl Acrylate and Tert-Butyl Acrylate with Dim-
cthyl 2,6-Dibromoheptanedioate/Cu(0)/Pentameth- 5
yldiethylenetriamine in Acetonitrile
O O O + O O + 0 0
Br ‘
CH;O
MA t-BuA 2-EHA
CH;0 PMDETA, CH;CN, Cu(0) g
Br
O
Dimethyl 2,6-dibromoheptanedioate
(DMDBrHD)
O
Br
OCHj; A
ROOC ROOC
ROOC ROOC
OCH; _
" Br
O
PSA Terpolymer

Using the method of the mnvention, 104.8 g of acetonitrile,
0.69 g of dimethyl 2,6-dibromoheptanedioate, and 0.55 g of
copper mesh treated with 0.1 N hydrochloric acid aqueous
solution were added to a 250-mualliliter four-neck round-bot-
tom flask, with a mechanical stirrer, a condenser and a rubber
septum. 0.0748 g of PMDETA, 32.20 g of 2-ethylhexyl acry-
late, 28.12 g of methyl acrylate, and 10.19 g tert-butyl acry-
late were added to a 100 ml Schlenk tube. Both mixtures were
degassed by six freeze-pump-thaw cycles under nitrogen. The
monomers/PMDETA mixture of was added drop-wise to the

flask via cannula at 60° C. under nitrogen over 90 minutes.
The polymerization reaction was continued for 20 hours and
quenched with air. Conversion of acrylate monomers was
measured by 'H-NMR spectroscopy and found to be 90%

after 20 hours. The number average molecular M, by GPC
with PMMA standards was 38,600, the molecular weight

45

50

distribution M /M_was 1.41. 55
Inventive Example
Synthesis of Terpolymer of 2-Ethylhexyl Acrylate,
Methyl Acrylate and Tert-Butyl Acrylate with 60

Dimethyl
2,6-Dibromoheptanedioate/Cu(0)/Copper(11)
Bromide/Pentamethyldiethylenetriamine in
Acetonitrile and Ethyl Acetate

63
Using the method of the mvention, 39.8 g of acetonitrile,

29.277 g of ethyl acetate, 0.1048 g of dimethyl 2,6-dibromo-

heptanedioate, and 0.64 g of copper mesh treated with 0.1 N
hydrochloric acid aqueous solution were added to a 250-
milliliter four-neck round-bottom flask, with a mechanical
stirrer, a condenser and a rubber septum. 0.0126 g of copper
(II) bromide, 15.6 g of acetonitrile, 0.0524 ¢ of PMDETA,
25.37 g of 2-ethylhexyl acrylate, 12.98 g of methyl acrylate,
and 3.46 g of tert-butyl acrylate were added to a 100 ml
Schlenk tube. Both mixtures were degassed by six freeze-
pump-thaw cycles under nitrogen. The monomers/PMDETA
mixture of was added drop-wise to the flask via cannula at 60°

C. under nitrogen over 90 minutes. The polymerization reac-
tion was continued for 20 hours and quenched with air. Con-
version of acrylate monomers was measured by "H-NMR
spectroscopy and found to be 90% after 20 hours. The number
average molecular M by GPC with PMMA standards was
38,600, the molecular weight distribution M /M, was 1.41.

Inventive Example 8

Synthesis of Poly (n-Butyl Acrylate) with Dimethyl

2,6-Dibromoheptanedioate/Cu(0)/Pentamethyldieth-
ylenetriamine in Acetonitrile

Using the method of the invention, 58.32 g of acetonitrile,
1.413 of g dimethyl 2,6-dibromoheptanedioate, and 0.41 g of
copper mesh treated with 0.1 N hydrochloric acid aqueous
solution were added to a 250-milliliter four-neck round-bot-
tom flask, with a mechanical stirrer, a condenser and a rubber

septum. 0.0752 g of PMDETA and 36.14 g of n-butyl acrylate
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were added to a 50 ml Schlenk tube. Both mixtures were
degassed by six freeze-pump-thaw cycles under nitrogen. The
monomer/PMDETA mixture of was added drop-wise to the
flask via cannula at 70° C. under nitrogen over 40 minutes.
The polymerization reaction was continued for 3.5 hours and
quenched with air. Samples were taken at intervals through-

out the reaction. Conversion of monomers was measured by
'"H-NMR spectroscopy and found to be 69% after 3.5 hours.

The number average molecular M, by GPC with PMMA
standards was 78,100, the molecular weight distribution

M /M _was1.72.

Inventive Example 9

Synthesis of Methyl Acrylate/n-Butyl Acrylate
Copolymer with Mewthyl 2-Bromo
Proprionate/Cu(0)/Pentamethyldiethylenetriamine 1n

Acetonitrile
0
H H
H3C Br \ / Cu (0YPMDETA
\o + C=—C -
/ \ CH;CN
CHL, i //C—OCH3
MB:P O
0
| |
H3C H2
o CH2—(‘3}H C (‘3—Br n-SuA,
CH; C C
0% \c‘) 0% \c‘)
CHa CH;
0
H H H H
H3C | I | |
0 CH2 (I:“;,H.:j H2—C—CH2—C3—CH2—C—DBr
0% "“(Ij 0 ? 0 ? O (lj
CH; nBu CHj nBu

Using the method of the mvention, 75.05 g of acetonitrile,
0.3375 g of methyl 2-bromo propionate, and 0.43 g of copper
mesh treated with 0.1 N hydrochloric acid were added to a
250-malliliter four-neck round-bottom flask with a mechani-
cal stirrer, 2 condensers, and a rubber septum. 0.0381 g

PMDETA and 20.84 g of methyl acrylate were added to a first
50 milliliter Schlenk tube. 0.0774 g PMDETA and 51.21 gof
n-butyl acrylate were added to a second 50 milliliter Schlenk
tube. All 3 mixtures were degassed by 6 freeze-pump-thaw
cycles under a nitrogen environment.

The methyl acrylate/PMDETA mixture was added drop-
wise to the flask at 70° C. via a cannula under nitrogen over
the course of 35 minutes. The polymerization reaction was
continued for 2.5 hours. Samples were taken at different
intervals throughout the polymerization reaction. The
samples were dissolved 1n CDCl,, and the conversion was
measured by 'H-NMR spectroscopy. The conversion of
methyl acrylate was 62% at 2.5 hours.

The n-butyl acrylate/PMDETA mixture was then added
drop-wise to the flask at 70° C. via a cannula under nitrogen
over the course of 60 minutes. The polymerization reaction
was continued for 5 hours at 70° C. and then for 22 hours at
room temperature. Samples were taken at diflerent intervals
throughout the polymerization reaction. The samples were
dissolved 1 CDCI;, and the conversion was measured by
'H-NMR spectroscopy. The conversion of methyl acrylate
was 94% and the conversion of n-butyl acrylate was 74%.
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An additional 0.1183 g of PMDETA was added to the flask
via air tight syringe and the polymerization was continued for
an additional 28 hours. The final conversion of methyl acry-
late was 98% and n-butyl acrylate was 89%.

The number average molecular M at 2.5 hours by GPC
with PMMA standards was 9,389 and the molecular weight

distribution M /M, was 1.53. The number average molecular
M, at 48 hours by GPC with PMMA standards was 41,790

and the molecular weight distribution M /M, was 1.19.
FIG. 2 1s a GPC trace showing the molecular weights of the
initial methacrylate block and the final diblock copolymer
alter growth of the second mixed butyl and methacrylates
block onto the mitial poly(methacrylate) segment. Both
blocks were prepared by the inventive method, 1.e., slow
portion-wise addition of monomer(s)/ligand solutions. The
initial polymer has Mn value about 9,400 which 1s close to the
theoretical value of about 6,600 as determined from product

of [M],/[1] and conversion and relatively low PDI (1.53). The
GPC analysis clearly shows that all of the initial polymer 1s
consumed as macroinitiator of the second block and none of
the original material remains after the second addition. The
molecular weight of the final diblock copolymer has a Mn
value of about 41,800, close to the theoretical value of about
32,900 and a low polydispersity (1.19). This demonstrates
that all of the in1tial polymer chain ends are active and that the
inventive process proceeds with a high degree of control.

Mn versus conversion (FIG. 3) shows a controlled radical
polymerization requires that number average molecular
weilght (Mn) increases linearly as a function of conversion. In
this experiment, samples prepared by the inventive process
were removed periodically and analyzed by GPC and
1H-NMR spectroscopy to determine the molecular weight
and conversion respectively. The data shows the total conver-
s1on of monomers as a function of molecular weight (experi-
mentally determined from GPC and calculated from NMR)
and clearly show that molecular weight increases in a linear
manner with conversion. The theoretical molecular weight
expected from the corresponding conversion is also shown.
The experimentally generated data 1s close to that expected
from theory for all samples tested.

Inventive Example 10
Synthesis of a Terpolymer of n-Butyl Acrylate, Ethyl
Acrylate, and Methoxyethyl Acrylate with PhCHBr,/
Cu(0)/Pentamethyldiethylenetriamine 1n Acetonitrile
DUED D
O )O + 0O HO + 0O O
OCH;
O
EA MEA BA
Br
H,CO
PMDETA g
CH3CN
SO B Cu(0)
O
Dimethyl
2,6-dibromoheptanedioate
(DMDB:HD)
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-continued
O

)-I\ Br
H,CO N(\(

COOR COOR

N

COOR COOR

H;CO \(\/L)\)\

O

Di Br Terpolymer

Using the method of the mvention, 64.03 g of acetonitrile,
0.6942 g of a,a-dibromotoluene, and 0.81 g of copper mesh
treated with 0.1 N hydrochloric acid were added to a 250-
milliliter four-neck round-bottom flask with a mechanical
stirrer, 2 condensers, and a rubber septum. 0.0733 g
PMDETA, 50.33 g of n-butyl acrylate, 10.71 g of ethyl acry-
late, and 3.3461 g of 2-methuxy acrylate were added to a 100
milliliter Schlenk tube. Both mixtures were degassed by 6
freeze-pump-thaw cycles under a nitrogen environment. The
monomers/PMDETA mixture was added drop-wise to the
flask at 65° C. via a cannula under nitrogen over the course of
85 minutes. The polymerization reaction was continued for 4
hours at 65° C. and then for 20 hours at room temperature.
The polymernization was stopped with the introduction of air.

Samples were taken at different intervals throughout the
polymerization reaction. The samples were dissolved in
CDC],, and the conversion was measured by '"H-NMR spec-
troscopy. The conversion of the monomers was 96% at 20
hours. A sample was dissolved 1n toluene and washed with
sodium chloride aqueous solution three times. The sample 1n
the toluene layer was dissolved in THF for GPC analysis. The
number average molecular M, by GPC with PMMA stan-
dards was 34,610. The molecular weight distribution M /M
was 1.28. X-ray fluorescence (XRF) analyses of the sample
revealed that the bromine content of the polymer chain was

4,934 ppm.

Inventive Example 11

Synthesis of a Terpolymer of n-Butyl Acrylate, Ethyl

Acrylate, and Methoxyethyl Acrylate with Dimethyl

2,6-Dibromoheptanedioate/Cu(0)/Pentamethyldieth-
ylenetriamine in Acetonitrile

Using the method of the mnvention, 64.95 g of acetonitrile,
0.6935 g of dimethyl 2,6-dibromoheptanedioate, and 0.68 g
of copper mesh treated with 0.1 N hydrochloric acid were
added to a 250-malliliter four-neck round-bottom tlask with a
mechanical stirrer, 2 condensers, and arubber septum. 0.0114
g of copper (II) bromide, 6.03 g of acetonitrile, 0.0524 ¢
PMDETA, 49.45 g of n-butyl acrylate, 11.08 g of ethyl acry-
late, and 6.10 g of 2-methuxy acrylate were added to a 100
milliliter Schlenk tube. Both mixtures were degassed by 6
freeze-pump-thaw cycles under a nitrogen environment. The
monomers/PMDETA mixture was added drop-wise to the
flask at 60° C. via a cannula under nitrogen over the course of
90 minutes. The polymerization reaction was continued for 4
hours at 60° C. and then for 68 hours at room temperature.
The polymerization was stopped with the introduction of air.

Samples were taken at different intervals throughout the
polymerization reaction. The samples were dissolved in
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CDCl,, and the conversion was measured by "H-NMR spec-
troscopy. The conversion of the monomers was 95% at 68
hours. A sample was dissolved 1n toluene and washed with
sodium chloride aqueous solution three times. The sample 1n
the toluene layer was dissolved 1n THF for GPC analysis. The
number average molecular M, by GPC with PMMA stan-
dards was 36,046. The molecular weight distribution M /M
was 1.21. X-ray fluorescence (XRF) analyses of the sample
revealed that the bromine content of the polymer chain was

45,020 ppm.

Inventive Example 12

Synthesis of Poly (n-Butyl Acrylate) with Dimethyl
2,6-Dibromoheptanedioate/Cu(0)/Copper(11)
Bromide/Pentamethyldiethylenetriamine 1n
Acetonitrile

Using the method of the mvention, 1081.29 g of acetoni-
trile and 4.96 g of dimethyl 2,6-dibromoheptanedioate were
added to a 2-L reactor with a catalyst chamber, a pump, a
mechanical stirrer, a condenser and a rubber septum. 0.0296
g of Copper (1I) bromide, 70.00 g of acetonitrile, and 0.83 g of
PMDETA, and of 462.97 g n-butyl acrylate were added to a
1000 ml Schlenk flask. Both the 2-L reactor and the 1000 ml
Schlenk flask were degassed by six freeze-pump-thaw cycles
under nitrogen. The stirred mixture of acetonitrile and dim-
cthyl 2,6-dibromoheptanedioate was then pumped at the rate
about 300 ml/min through the external catalyst chamber con-
taining 2.30 g treated copper (0) mesh. The mixture with
n-butyl acrylate, Cu(I1l)Br,, acetonitrile, and PMDETA was
added drop-wise via a cannula needle to the reactor at 65° C.
via a cannula needle under nitrogen over 90 minutes. The
polymerization reaction was continued 15 hrs at 65° C. and
quenched with air. Samples were taken at different intervals
throughout the reaction. The conversion of monomers was

85% at 15 hrs reaction time. The number average molecular
M_ by GPC with PMMA standards was 335,100, the molecular
weight distribution M /M was 1.34.

Inventive Example 13

Synthesis of Terpolymer of 2-Ethylhexyl Acrylate,
Methyl Acrylate and 2-Hydroxylethyl Acrylate with
Dimethyl 2,6-Dibromoheptanedioate/Cu(0)/Pentam-

cthyldiethylenetriamine 1n Acetomtrile and Ethyl
Acetate

Using the method ofthe invention, 200.14 g of acetonitrile,
124.22 g of ethyl acetate, 0.6225 g of dimethyl 2,6-dibromo-
heptanedioate, and 0.75 g of copper mesh treated with 0.1 N
hydrochloric acid were added to a 1 liter four-neck round-
bottom flask, with a mechanical stirrer, a condenser and a
rubber septum. 0.0830 g of copper(Il) bromide, 52.52 g of
acetonitrile, 0.2557 g of PMDETA, 147.135 g of 2-ethylhexyl
acrylate, 47.25 g of methyl acrylate, and 10.90 g of 2-hy-
droxylethyl acrylate were added to a 500 ml Schlenk flask.
The 1 liter reactor was purged continuously with nitrogen
while the 500 ml Schlenk flask was degassed by six freeze-
pump-thaw cycles under nitrogen. The monomers/PMDETA
mixture of was added drop-wise to the 1 liter reactor via
cannula at 50° C. under nitrogen over 70 minutes. The poly-
merization reaction was continued for 22 hours and quenched
with air. Conversion of acrylate monomers was measured by

"H-NMR spectroscopy and found to be 80% after 22 hours.
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The number average molecular M, by GPC with PMMA
standards was 82,400, the molecular weight distribution
M. /M_was 1.33.

Inventive Example 14

Synthesis of Terpolymer of n-Butyl Acrylate, Methyl
Acrylate and Tert-Butyl Acrylate Acrylate with Dim-
cthyl 2,6-Dibromoheptanedioate/Cu(0)/Pentameth-
yldiethylenetriamine 1n Acetonitrile and Ethyl
Acetate

Using the method of the invention, 157.54 g of acetonitrile,
119.80 g of ethyl acetate, 0.2084 g of dimethyl 2,6-dibromo-
heptanedioate, and 1.55 g of copper mesh treated with 0.1 N
hydrochloric acid were added to a 1 liter four-neck round-
bottom flask, with a mechanical stirrer, a condenser and a
rubber septum. 0.0801 g of copper(Il) bromide, 50.00 g of
acetonitrile, 0.6226 g of PMDETA, 185.43 g of n-butyl acry-
late, 16.46 g of methyl acrylate, and 23.99 ¢ of tert-butyl
acrylate were added to a 500 ml Schlenk flask. The 1 liter
reactor was purged continuously with nitrogen while the 500
ml Schlenk flask was degassed by six Ireeze-pump-thaw
cycles under nitrogen. The monomers/PMDETA mixture of
was added drop-wise to the 1 liter reactor via cannula at 50°
C. under nitrogen over 60 minutes. The polymerization reac-
tion was continued for 21 hours and quenched with air. Con-
version of acrylate monomers was measured by 'H-NMR

spectroscopy and found to be 70% after 21 hours. The number
average molecular M, by GPC with PMMA standards was

266,000, the molecular weight distribution M, /M, was 1.70.

What 1s claimed 1s:

1. A controlled radical polymerization process comprising
the steps of:

(1) providing a mixture comprising:

(a) one or more (meth)acrylate monomers; and
(b) at least one amine ligand;

(11) feeding said mixture portion-wise at a defined flow-rate
into a reaction vessel containing: a solvent; at least one
halogenated 1nitiator; and a metal catalyst,

(111) continuing to feed said mixture portion-wise into said
vessel to cause a polymerization of said monomer, and

(1v) permitting said reaction to proceed.

2. The process of claim 1, wherein the solvent 1s selected
from the group consisting of acetonitrile, dimethylformate,
cthylene carbonate, methanol, ethanol, propylene carbonate,
water, dimethylformamide, propionitrile, ethylene glycol,
1ionic liquids, and combinations thereof.

3. The process of claim 1, wherein said feeding 1s con-
ducted continuously.

4. The process of claim 1, wherein said feeding 1s con-
ducted intermittently.

5. The process of claim 1, wherein the polymer reaction
product from the process has a polydispersity of about 1.0 to
about 1.8.

6. The process of claim 1, wherein the polymer reaction
product from the process has a polydispersity of about 1.8 or
less.

7. The process of claim 1, wherein the polymer reaction
product from the process has a polydispersity of about 1.0 to
about 1.3.
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8. The process of claam 1, wherein said process 1s con-
ducted until at least 80% of monomer 1s converted to polymer.

9. The process of claim 1, wherein said process 1s con-
ducted until at least 90% of monomer 1s converted to polymer.

10. The process of claim 1, wherein said process 1s per-
formed at a temperature of about 0° C. to about 80° C.

11. The process of claim 1, wherein said process 1s per-
formed at a temperature of about 23° C. to about 70° C.

12. The process of claim 1, wherein said process 1s per-
formed at a temperature of about 40° C. to about 60° C.

13. The process of claim 1, wherein said process 1s per-
formed for a period of about 0.5 hours to about 69 hours.

14. The process of claim 1, wherein said (meth )acrylate 1s
selected from the group consisting of methyl (imeth)acrylate,
cthyl (meth)acrylate, n-propyl (meth)acrylate, isopropyl
(meth)acrylate, n-butyl (meth)acrylate, 1sobutyl (imeth)acry-
late, tert-butyl (meth)acrylate, n-pentyl (meth)acrylate,
n-hexyl (meth)acrylate, cyclohexyl (meth)acrylate, n-heptyl
(meth)acrylate, n-octyl (meth)acrylate, 2-ethylhexyl (meth)
acrylate, nonyl (meth)acrylate, decyl (meth)acrylate, dodecyl
(meth)acrylate, phenyl (meth)acrylate, tolyl (imeth)acrylate,
benzyl (meth)acrylate, 2-methoxyethyl (meth)acrylate,
3-methoxybutyl (meth)acrylate, 2-hydroxyethyl (meth)acry-
late, 2-hydroxypropyl (meth)acrylate, stearyl (meth)acrylate,
glycidyl (meth)acrylate, 2-aminoethyl (meth)acrylate,
3-(methacryloyloxypropyl)trimethoxysilane, (meth)acrylic
acid-ethylene oxide adducts, trifluoromethylmethyl (meth)
acrylate, 2-trifluoromethylethyl (meth)acrylate, 2-pertluoro-
cthylethyl (meth)acrylate, 2-perfluoroethyl-2-pertluorobu-
tylethyl (meth)acrylate, 2-perfluoroethyl (meth)acrylate,
pertluoromethyl (meth)acrylate, diperfluoromethylmethyl
(meth)acrylate, 2-pertluoromethyl-2-pertluoroethylethyl
(meth)acrylate, 2-perfluorohexylethyl (meth)acrylate, 2-per-
fluorodecylethyl(meth)acrylate, 2-perfluorohexadecylethyl
(meth)acrylate, and combinations thereof.

15. The process of claim 1, wherein said (meth)acrylate 1s
selected from the group consisting of n-butyl acrylate, methyl
methacrylate, 2-ethylhexyl acrylate, methyl acrylate, tert-bu-
tyl acrylate, 2-hydroxyethyl acrylate, glycidyl methacrylate
and combinations thereof.

16. The process of claim 1, wherein said initiator 1s selected
from the group consisting of mono-halogenated compounds,
poly-halogenated compounds, and combinations thereof.

17. The process of claim 1, wherein the mitiator 1s selected
from the group consisting of dimethyl 2,6-dibromohep-
tanedioate, diethyl meso-2,5-dibromoadipate, ethylene gly-
col bis(2-bromopropionate)-1-, 2,2-dichloacetophenone, tri-
methylolpropane tris(2-bromopropionate), methyl
2-bromopropionate, and combinations thereof.

18. The process of claim 1, wherein the ligand 1s selected
from the group consisting of tris(2-dimethylaminoethyl)
amine (Me6-TREN), N,N,N,N,N-pentamethyldiethylenetri-
amine (PMDETA), tris(2-aminoethyl)amine (TREN), and
combinations thereof.

19. The process of claim 1, wherein the metal catalyst 1s
selected from the group consisting of Cu(0), Cu,O, Cu,S,
Cu,Se, Cu,Te, and combinations thereof.

20. The process of claim 1, wherein the process 15 per-

formed at SET-LRP conditions.

21. The process of claim 1, wherein the process 15 per-
formed at ATRP conditions.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. 9,006,362 B2 Page 1 of 1
APPLICATION NO. : 13/795537
DATED . April 14, 2015

INVENTORC(S) . Qinyan Zhu et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the specification

Column 3, line 48: Change “grains™ to -- grams --.

Column 3, line 50: Change “grains™ to -- grams --.

Column 5, line 58: Change “toluoyl™ to -- toluyl --.

Column 7, lines 7 and 8: Change “polychrolomethylsytrene)” to -- poly(chloromethylstyrene) --.
Column 8, line 30: After “0.”, delete “0.”.

Column 13, line 48: After “mixture”, delete “of”.

Column 14, line 48: After “mixture”, delete “of™.

Column 15, line 3; After “mixture”, delete “of™.

Column 17, line 23: Change “2-methuxy’ to -- 2-methoxy --.
Column 17, line 56: After “0.0524 ¢”, msert -- of --.

Column 17, line 58: Change “2-methuxy’ to -- 2-methoxy --.
Column 18, line 63; After “mixture”, delete “of™.

Column 19, line 8: After “Acrylate”, delete “Acrylate”.
Column 19, line 24: After “mixture”, delete “of”.

In the claims

Column 20, line 46: After “bis(2-bromopropionate)”, delete “-1-".

Signed and Sealed this
Sixth Day of December, 2016

e cbatle X Zea

Michelle K. Lee
Director of the United States Patent and Trademark Office
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